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Abstract
Printed electronics processes have the potential to make electronics manufacturing
more flexible by providing a wider choice of materials and easier processing steps.
In traditional electronics manufacturing techniques, corrosive etching steps limit
the choice of materials and also require advanced infrastructure for process imple-
mentation. High speed low cost printing processes (e.g. inkjet) can be used, and
the printed tracks can then be cured to conductive circuits that meet the needs of
electronic devices like radio frequency identification (RFID) tags, sensors, etc.
In this work, intense flashes of broad spectrum light from Xenon lamps are used
to cure inkjet printed metal nanoparticle inks. This technique is known as photonic
curing. Paper, polyethylene terephthalate (PET), and polyimide have been used as
substrates with the aim of determining how different substrates affect the behavior
of the ink and the photonic curing parameters. A statistical approach was employed
for the experiments, and significant control variables determining curing of the ink
were identified. Experiments were also conducted to obtain prints conforming to
dimensional tolerances.
Using the results from the experiments, standard curing parameters for low re-
sistance and good adhesion of the ink were obtained. The results have been statisti-
cally validated and used to study the interaction between the control variables and
individual effects of each control variable on the response variable.
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Chapter 1
Introduction
With the rapid progress of printing technology, it is now possible to introduce elec-
tronics printing in domains never imagined before. Popularly known as printed elec-
tronics, these emerging technologies can be used to print antennas, strain gauges,
sensors, RFID tags, etc. on a number of substrates.
The Auto-ID Centre at MIT has initiated projects to automate aspects of the
supply chain using printed electronics. Under their proposed scheme, each man-
ufactured item will have a printed RFID tag, enabling the manufacturer to trace
its journey from the factory to the shopping shelves. Such an effort will result in
improved warehouse management, will help utilize auto-replenishment techniques,
and will reduce labor at the distribution centers, as stated by Chappell et al. [5].
The packaging industry is also utilizing the benefits of electronics through the
introduction of ’smart packaging.’ Goddard et al. [12] describe smart packaging as
’an inherent ability to gather information on its operating environment or history, to
process that information in order to draw intelligent inferences from it and to act on
those inferences by changing its characteristics in an advantageous manner.’ Food
preservation is an important area which smart packaging can address. Sensors built
into a package can detect parameters like temperature, carbon dioxide, moisture,
oxygen level, etc. as described by B.P. Day [9]. An example would be change in
color of the label, or an expiration date changed based on factors such as transporta-
tion, temperature, etc. On-the-shelf advertising techniques, such as using animated
words, motion video, etc. can help draw consumer’s attention to the product. A
consumer in the supermarket can use their smartphone to locate a product aided by
electronics in the packaging, as researched by M.L. Kleper [28]. To inculcate these
1
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benefits into products, one must successfully print conductive inks on a number of
substrates.
1.1 Conductive Inks
A number of conductive inks, ranging from conducting polymer inks, metal inks,
graphene oxide inks, and carbon nanotube inks, as described in the works of C.R.
Martin [33], Jo et al. [19] and Banerjee et al. [2] respectively, are utilized for printing
conductive tracks. Metal inks are the most widely used for printed electronics. For
example, according to Cummins et al. [8], processing of graphene inks may require
temperatures up to 550  which are unsuitable for low-temperature substrates. In
the case of carbon nanotube inks, the nanotubes have large Van der Waals force
between them and tend to form lumps, as noted by Coyle et al. [7]. For conductive
polymer inks, electrical conductivity is relatively low compared to metal inks, and
inks with suitable viscosity for high speed printing are difficult to formulate, as
described in the work of Foulger et al. [11]. Metal inks typically offer the benefit of
having better conductivity, as outlined by Kamyshny et al. [20] .
1.1.1 Metal Inks
For inkjet printing, two types of metal inks are widely used: nanoparticle inks and
organometallic inks or metal-organic decomposition (MOD) ink. Kang et al. [21]
demonstrate that for MOD inks, metal organic complexes are dissolved in an alcohol
to form a solution. The solvent evaporates during subsequent heating of the ink
and the metal organic complex thermally degrades to form metal nanoparticles.
Organometallic inks provide a number of advantages: Being in a solution form they
are less likely clog the nozzles, and have a higher shelf life as there is no sedimentation
due to dispersed particles. Nanoparticles or microparticle inks on the other hand,
have nanoparticles/microparticles dispersed in water or other organic solvents. As
noted in the works of Cummins et. al [8] and Huang et al. [17], available metal inks
2
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include:
 Gold
 Silver
 Nickel
 Copper
All of the above inks can be used to print conductive traces with inkjet printers.
Poorly formulated nanoparticle inks have the disadvantage of clogging nozzles and
lower shelf life due to agglomeration, but they can have higher solid loading of metal
that is favorable for prints with better conductivities and continuous connections.
1.2 Printing Processes
The processes in use to print conductive lines can be broadly classified into two
categories; reproduction and digital printing. With reproduction printing, a pattern
etched on a plate is transferred/reproduced on the substrate. To change the pattern,
the plates need to be changed. Digital printing processes are slower than reproduc-
tion processes, but they are much more flexible due to the fact that the printed
image can be quickly changed without any change in hardware. In the subsequent
sections, various digital printing techniques for printed electronics are presented.
1.2.1 Inkjet Printing
The first commercially available inkjet printer was made by Rune Elmqvist [40].
There are two variants of inkjet printers: Continuous inkjet printers (CIJ) first
commercialized by IBM, and Drop-on-Demand (DOD) printers first commercialized
by the Radio Corporation of America. Inkjet printers available today utilize DOD
technique. A schematic diagram for the DOD process has been provided in the work
of Kamyshny et al. [20].
3
1.2. PRINTING PROCESSES
Figure 1.1: Squeeze-mode print head working principle
Squeeze-mode piezoelectric print head (Adapted from [20])
DOD printers can be based on thermal, electrostatic, piezoelectric or acoustic
drop generation techniques. Of these techniques, the thermal and piezoelectric meth-
ods are the more popular ones. In thermal inkjet nozzles, a heated resistor is placed
in the ink chamber. When current is passed through the resistor, it superheats
the ink in its vicinity to its bubble nucleation temperature. Consequently a bubble
forms and shields the rest of the ink from getting heated. As the bubble rapidly
grows in volume, it ejects ink through the nozzle. At that moment, the resistor is
cooled down and the bubble disappears. The vacuum created by the ejection of ink
is filled by ink from the supply via capillary action.
In piezoelectric print heads, a piezoelectric device is attached to the ink chamber.
Upon the application of current, the piezoelectric element squeezes the ink chamber
and a droplet is ejected. The volume of the ejected droplet can be controlled by
varying the magnitude and duration of voltage applied on the piezoelectric element.
There are many different types of piezoelectric print heads based mainly on the
position and type of motion imparted to the print head by the piezoelectric element.
In the case of squeeze-mode print heads, the piezoelectric elements apply pres-
4
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Figure 1.2: Bend-mode print head working principle
Inkjet printing using bend-mode piezoelectric print head (Adapted from [8])
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Figure 1.3: Push-mode print head working principle
Inkjet printing with piezoelectric element pushing a membrane to dispense ink
(Adapted from [8])
Figure 1.4: Shear-mode print head working principle
Shear-mode print heads use piezoelectric elements that shear with electric pulses
to deform the printhead (Adapted from [8])
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sure to the ink chamber, and droplets are squeezed out of the nozzles (see Figure
1.1). For bend-mode printheads, an electric pulse applied to the piezoelectric disc
(Figure 1.2) causes the disc to bend the ink chamber inwards, thus decreasing the
volume and ejecting a droplet. A supply tube is connected to the the printhead
that replenishes the ink. A membrane is used in push-mode inkjet printing, with a
piezoelectric element placed against it. When electric pulses are applied, the device
pushes on the membrane to squeeze out ink droplets (see Figure 1.3). The Fujifilm
Dimatix printhead used in this work, uses a shear-mode printhead. As in Figure
1.4, the piezoelectric element is excited by a voltage source. With excitation, the
element shears and forces the upper channels to bend, subsequently causing the
lower channels to bend and form a chevron shape that forces ink out of the nozzles.
1.2.2 Aerosol Jet Printing
Aerosol jets can be used to print highly intricate conductive traces for electronic
applications spanning 10 µm through 100 µm in width, as stated by King et al. [27].
The system developed by Optomec uses a computer-controlled motion platform on
which the substrate is placed, and a module which prints ink on the substrate. The
module is divided into two parts:
 Atomizing unit - Converts ink to mist using ultrasonic or pneumatic atomiza-
tion.
 Focusing unit - A deposition head with channels for flow of sheath gas that
focusses the aerosol stream to a narrow beam of ink.
The focusing unit can also be translated along the axes with the substrate fixed.
The main advantages of Aerosol Jet printing include the ability to print on non-
planar surfaces, printing with higher viscosity inks (up to 1,000 cP with pneumatic
atomization) and printing of smaller features than are typically possible with conven-
tional inkjet printing. With a single nozzle however, the achievable print speeds are
considerably slower than what is possible with inkjet print systems having hundreds
7
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of nozzles printing in parallel.
1.2.3 Micro-Extrusion
According to Chen et al. [6] this technology can be used in non-contact printing of
solar cells which require very narrow grid lines. The crux of this technique is to apply
positive pressure on ink or paste stored in a reservoir to push/extrude it through
a micro-nozzle. Plastic syringe barrels typically serve as reservoirs, and valves are
used to stop ink from oozing out from the nozzle at the resting position. nScrypt
(http://www.nscrypt.com/default.aspx) has developed a number of microextrusion
systems, including a multi-material mixing head that stores the inks in multiple
syringe barrels. After desired quantities of ink are released from the syringe barrels
via application of pressure, a small motor stirs and mixes them before dispensing
the ink out from the nozzle.
1.2.4 Printing process comparisons
Inkjet printing has been recognized as a highly promising alternative to other tradi-
tional techniques of printing. Not only does it eliminate the large number of steps
involved in traditional printing, but it also allows for a wider choice of printed ma-
terials and substrates as there are no plating or corrosive material removal steps.
The digital printing process can be completed without any changeovers even for very
complex patterns, thus reducing the lead time.
Typical feature sizes attainable by various printing methods are summarized in
Table 1.1. It is seen that inkjet printing can achieve features ranging from 25 µm to
10 µm, as seen in the work of Meir et al. [35]. But undoubtedly, the most attractive
feature of inkjet printing is the flexibility it offers. Patterns can be modified any
time without a significant investment in hardware. The process requires small setup
space in an ambient environment without any cleanroom or other complex pro-
cessing facilities. Thus, the cost of equipment is reduced. Perelaer et al. [39] have
demonstrated that high-volume production can be attained by employing roll-to-roll
8
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Table 1.1: Typical feature sizes of various printing processes
Printing Process Minimum Feature Size (µm)
Gravure [3] 56±5
Screen [36] 50
Micro-contact [37] 0.1
Offset lithography [15] 10
Inkjet [35] 14
Aerosol [27] 10
Micro-extrusion [6] 30
production.
1.3 Photonic Curing
Photonic curing of printed materials involves the use of high intensity flashes of light
from Xenon lamps. This process has allowed the curing time of printed electronics
to be reduced to milliseconds. The process is sometimes referred to as flash lamp
annealing. Hart et al. [16] show that the process exploits the fact that many metal
nanoparticles are black and absorb most of the energy from millisecond flashes of
an incoherent light source to rapidly heat the ink.
Printed conductive nanoink patterns can be cured in milliseconds using high
intensity flashes of light acting on a predefined curing area. West et al. [44] attribute
this low curing time to the high surface area to volume ratio in nanoparticles. Surface
atoms have more mobility to move freely as compared to other atoms. As the surface
area to volume ratio of nanoparticles is higher than it is for bulk material, surface
heating of nanoparticles rapidly raises the temperature of the relatively small particle
mass, thus allowing the particles to melt or sinter together. The solid substrate
material, however, has very low area-to-volume ratio and does not suffer thermal
damage under normal photonic curing conditions.
Novacentrix commercially produces its PulseForge photonic curing systems (see
Figure 1.5) which can be used to sinter conductive ink nanoparticles, as demon-
strated in the work of Schroder et al. [43]. Unlike focused lasers which are rastered
9
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over a large surface area, photonic curing is a broadcast curing process. The system
pictured in Figure 1.5 can cure a specified area (15 cm width) with a single pulse.
These systems consist of four main units: a cooling system (not shown in Figure
1.5), capacitor banks(left), lamp assembly (center), and a control unit (right). The
cooling unit circulates chilled water to the strobe lamps to prevent overheating. The
capacitor bank’s function is to provide uninterrupted electric charge to the strobe
lamps. With each pulse, the strobe lamps discharge a module in the capacitor bank.
While one module is in use, others start recharging to provide power for the next
pulse(s). This process keeps occurring in a cycle ensuring uninterrupted power sup-
ply to the lamps. The lamp assembly holds the lamps in a protective enclosure
(to protect the user) with a conveyor system located beneath it, which is useful
for continuous processing of sample. The PulseForge 3300 model lamps can supply
energies up to 100 kW cm−2 at a maximum pulse rate of 1 kHz and minimum pulse
duration of 30 µs. All control variables can be set using the control unit. Apart
from that, the control unit also houses a high performance computer capable of
processing complex simulations.
Figure 1.5: The Novacentrix PulseForge Photonic Curing system used for our ex-
periments
10
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While the PulseForge is available commercially, independent researchers have
developed several other curing systems. Some photonic curing systems employ el-
liptical reflectors in which the substrate is placed at the focal plane to achieve local
curing, as shown in the work of Abbel et al. [1]. Other independent photonic curing
systems have been developed by McMahon et al. [34], Hwang et al. [18], Kim et
al. [24] and Han et al. [14]. Immediate sintering of the ink upon printing has been
also been demonstrated by Perelaer et al. [39]. In their work, organometallic silver
was printed onto a heated flexible polymer substrate at 130 . There is a possibility
of substrates curling or deforming under such temperatures. In this work, conduc-
tive copper inks have been inkjet printed on the substrates and then transferred to
the Novacentrix PulseForge for photonic curing.
11
Chapter 2
Literature Review
This thesis attempts to understand and classify the behavior of copper nanoparticle
ink after printing and photonically curing on various substrates. Published research
in this field covers a variety of printing and curing techniques. Research dealing with
deposition and curing of copper nanoparticle have been reviewed in this section.
The features that were specifically studied include the composition of the ink, the
printing technique used, dimensions of the printed patterns, curing method and
its parameters, and the resistance of the samples obtained after curing. Although
some researchers haven’t used photonic curing, we have included them in this review
to record the conductivity obtained through other curing techniques and compare
results. A comprehensive literature survey was conducted and the results have been
summarized in Table 2.
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Table 2.1: Summary of research involving copper nanoink
Researcher(s) Ink Properties Substrate Printer Pattern Curing Resistance
Hwang et
al. [18]
Nanoparticles with
oxide shells (3.8 g)
dispersed in DEG (3
g) and PVP (1-7 g)
Solid Loading:
56-60%, Viscosity:
165-350 cP, Avg.
particle size: 20-50
nm
Polyimide
film. Ink
dried at 120
 for 15
min.
Spin coated (SC-200;
Nano-tech). Coated
at 1000 rpm for 30 s
Not specified Photonic
curing, 1
pulse,
Energy
12.5 J cm2,
On time
10 ms
0.72 Ω/sq.
Salam et
al. [42]
Solid Loading: 65%,
Viscosity : 25,000 to
35,000 cP, Average
particle size: 5 µm
PET Screen print Line width:
100 µm,
Printed area :
500 mm x
500 mm
Oven
cured at
85  for
7 days
Not specified
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Park et al. [38] Nanoparticles
dispersed in
ethyleneglycol and 2-
methoxyethanol,Solid
loading: 20%,
Average particle size:
40-50 nm
Glass Piezoelectric inkjet
nozzle from Microfab
Technologies. 30 µm
orifice, 65 V impulse,
1 kHz, 20 µs
10 x 10
mm”%”
Oven
cured at
325  for
1h in
vacuum
17.2 µΩ cm
Kang et
al. [22]
Ink obtained from
Inkjet Business group
of Samsung
Electro-Mechanics,
Solid loading: 40%
Woven glass
fabric at 85

Piezoelectric inkjet
with 128 nozzles
10 cm long
line, 368 µm
width, two
circular pads
at each end,
printed 10
times
Oven
cured in
N2 atmo-
sphere at
200  for
20 min
3.55 µΩ cm
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Lee et al. [31] Nanoparticles
dispersed in 2-(2-
butoxyethoxy)ethanol,
Solid loading: 30%,
Viscosity: 12.3 cP,
Surface tension: 29
N/m, Average
particle size: 55 nm
Polyimide
maintained
at 85 
Dimatix Spectra SE
piezoelectric print
head, 128 nozzles, 38
µm orifice, 500 dpi
resolution
Line width:
90.91 µm
Cured in
tube
furnace in
N2 atmo-
sphere at
200 for
1h
3.6 µΩ cm
Young-Sung et
al. [13]
Nanoparticles
dispersed in 0.4 M
CH2O2 in DI water,
NH3OH, Solid
loading: 15%
Oxygen
plasma
treated
Polyimide
film
MJ-AT-01 from
Microfab
Technologies
Line width:
187.2 µm
Annealed
in tube
furnace in
H2 atmo-
sphere at
200 for
1h
62.26 µΩ cm
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Han et al. [14] QSI Nano copper
nanopowder dispersed
in 2-methoxyethanol
and
2-(2-butoxyethoxy)
ethanol. Capping
agents poly
(N-vinylpyrrolidone)
and Diethylene glycol
were added. Average
particle size: 30 nm
Polyimide
substrate
(Kapton,
Dupont, 150
µm)
Spin coated Not specified Photonic
curing.
Pulse
width 1.5
ms, Gap
between
pulses 12
ms, 8
pulses,
Energy- 32
J/cm2
1.73 µΩ m
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Ryu et al. [41] Solution of 0.3g PVP
and 2g diethylene
glycol prepared. 1.9g
QSI Nano copper
nanopowder and 8 ml
2-(2-butoxyethoxy)
ethanol added to the
solution, Average
particle size: 30 nm
Polyimide
substrate
(Kapton,
Dupont, 150
µm), dried on
hot plate at
85 for 5
mins.
Deposited drop-wise
to Polyimide
Not specified Photonic
curing,
Energy
density: 50
J/cm2,
Pulse
duration:
2 ms
5 µΩ cm
17
Researcher(s) Ink Properties Substrate Printer Pattern Curing Resistance
Kim et al. [24] Samsung
Electro-Mechanic,
Korea, copper
nanoink dispersed in
ethylene glycol and 2-
methoxyethanol,Average
particle size: 5 nm
Glass fiber
composite, PI
(Kapton,
Dupont),
PET, PP
film. Kept at
80  for 10
min
5 µl of nanoink
dropped and spread
uniformly
10 mm × 10
mm
Photonic
curing,
Energy
density: 50
J/cm2,
Pulse
duration:
2 ms
5 µΩ cm (did
not specify
resistivity
changes with
substrates)
Kim et al. [25] Nanoparticles
dispersed in ethylene
glycol and
2-methoxyethanol,
Average particle size:
5 nm
Woven glass
fabric/BT
512 nozzles and
inkhead from
Samsung
Electro-Mechanic,
Inc.
Width: 320
µm,
Thickness: 4
µm
Oven
cured at
200  for
20 mins in
N2 atmo-
sphere
2.22 µΩ cm
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Khan et
al. [23]
Ink obtained from
Korea Research
Institute of Chemical
Technology, Viscosity:
7.6×10−3 PaS,
Surface Tension:
3.6×10−2 N/m, Solid
Loading: 40%, Avg.
particle size: 20 nm
Glass Electrohydrodynamic
Inkjet printer
fabricated by Khan et
al., Flow rate: 20
µl/h, Voltage: 2.6 kV,
Speed: 20 mm/s
Width: 20
µm
Sintered in
an inert
atmo-
sphere for
1 h at 230
.
Heating
rate of
2/min
9.2 mΩ cm
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Lee et al. [30] 0.5 g Amorphous
Cu(OH)2 powders
from KANTO
Chemical added to
0.3 g Copper (II)
neodecanoate in 1 g
tepineol solvent,
Viscosity: 1.3×105
mPa s, Solid loading:
22 to 26%, Avg.
particle size: 100 nm
Glass Screen printed Not specified Annealed
for 1 h at
400
4.1 µΩ cm
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Lim et al. [32] CI-002 from Instrinsiq
Materials (dispersed
in a mixture of
ethylene glycol and
n-butanol), Avg.
particle size: 25 nm,
Solid loading 10 wt%,
Density: 1.2 g/cm3
PET Dimatix DMP-2800 1 cm× 0.5 cm Intensive
pulse light
from
Xenon
lamp
1.4±0.2
Ω/sq.
Kim et. al [26] Mixed copper (II)
neodecanoate with
nanosized copper
hydroxide powder,
with a binder added.
Polyimide Screen printing 280 mm
length
antenna with
3 turns
Cured at
300  for
20-30
minutes
4.3 µΩ cm
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Koncki et
al. [29]
Copper sulfide 80%,
20% matrix material
composed of 34%
solution of methyl
and butyl
methacrylate
coploymer in butyl
carbitol acetate
Polyester Screen printing, 68T
mesh polyester
screens with 20
micron masking
4× 24 mm Cured at
130  for
30 minutes
Not specified
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As observed from Table 2, furnace curing has been the most widely adopted
method for curing printed copper. The process consumes time, about 20 minutes
at a minimum. Such long heating periods above 200  can alter the chemical and
physical properties of the substrates. In fact, most polymer substrates are unable
to withstand these high temperatures. Special requirements such as an inert atmo-
sphere of H2 or N2 makes curing more complicated and expensive. In absence of an
inert atmosphere, curing was carried out in vacuum. Vacuum curing is very chal-
lenging process, as even the slightest traces of air can contaminate the copper and
cause oxidation, rendering the printed features essentially unconductive. Though
inkjet printing has been the most widely used technique for conductive copper ink
deposition, researchers have also made use of spin coating and screen printing tech-
niques. Notable work has been conducted by Khan et al. [23], who developed an
electrohydrodynamic print-head that can print features smaller than the orifice di-
ameter. It is achieved by pulling the conductive inks through the nozzles using
electrostatic forces induced by charged electrodes, rather than pushing out the ink
as done on conventional drop-on-demand printers.
As observed from the literature, size of the nanoparticles is an important factor
during curing of inks as it directly affects the required processing temperature. Lee
at al. [30] have used 100 nm copper nanoink sintered at 400  to achieve the best
conductivity, while Kim et al. [25] were able to sinter their ink at 200  using 5
nm sized copper nanoparticles. The average particle size used by most researchers
was typically 40-50 nm.
Among the researchers who have used photonic curing, Lim et. al’s [32] research
is the most relevant to the research reported in this thesis. They have used pho-
tonic curing to fuse copper nanoink printed on PET, but have not classified how
the curing characteristics change with different substrates. An extensive literature
review suggests that no work has been carried out to determine how the substrates
can affect the photonic curing parameters. Most of the research on photonic curing
concentrates on composition of ink and sintering on a single substrate. Though Kim
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et al. [24] [25] have worked on various substrates, they have not indicated if using
the same curing parameters on different substrates affects the resistivity.
2.1 Problem Statement
An extensive literature review has been presented to show the research conducted
with copper nanoinks and various curing techniques. The survey suggests that little
work has been carried out to determine how the substrates can affect the photonic
curing parameters and adhesion properties of the copper ink. There are various
properties of the substrates that affect the behavior of the ink. These include surface
porosity, surface energy, thermal conductivity, etc. Most of the research on photonic
curing concentrates on composition of ink and sintering on a single substrate. Thus
there arises a need to study the relationship between the photonic curing parameters
and the substrates along with the adhesion of the ink to those substrates.
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Chapter 3
Research Methodology
From the previous chapters, it has been established that there is a great interest in
using copper nanoink for printed electronics using inkjet printing techniques. This
thesis seeks to build upon the existing knowledge as follows:
1. Identify the effect that various substrates have on curing of copper nanoinks.
2. Determine the optimum printing parameters for obtaining continuous printed
tracks.
3. Use surface treatments if necessary to ensure prints adhere to substrate.
4. Use photonic curing to sinter the tracks and enhance their conductivity.
5. Determine the significant factors that affect the resistance and adhesion of the
ink to the various substrates.
6. Optimize the parameters based on the data collected.
3.1 Equipment Used
The following materials and hardware were used through the course of the work:
1. Novacentrix copper nanoinks (ICI-021 and ICI-002HV)
2. Novacentrix PulseForge 3300 photonic curing system
3. Hirox KH-7700 Digital Microscope
4. Dimatix DMP-2800 Materials deposition printer
5. MTI Corporation KSL-1600X muffle furnace for drying ink
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Figure 3.1: Dimensions of the conductive coupon printed on substrates
6. Custom built heated fuser (courtesy: Dr. Marcos Esterman) to fuse the ink
with the substrate using both heat and pressure
7. SurfX Atomflo Model 400 Atmospheric Plasma system
8. Novacentrix Metalon screen printing kit
9. Tencor P-2 long scan profiler for measuring thickness of printed tracks
3.2 Inkjet Printing Setup
A number of control parameters were optimized before satisfactory print results were
obtained from the Dimatix DMP-2800 materials deposition printer. The print head
has 16 nozzles, each with a 10 pl drop volume. The Novacentrix Metalon ICI-002HV
inkjet ink was injected into the print head reservoir using a syringe into the print
head, and the setup was kept inside the printer for 30 minutes to let the ink settle
down into the nozzles. An applied voltage of 21 volts was found to successfully
dispense ink through all the nozzles. As seen from Figure 3.2, the minimum drop
diameters achieved ranged from 41 µm to 45 µm. This drop size also determines the
minimum line width. Test coupons used in this work have a width of 1 mm which
the printer was able to print with sufficient dimensional accuracy. The test pattern
to be printed has been shown in Figure 3.1. A width of 1 mm and length of 40 mm
(40 squares), was the standard test coupon size for all samples.
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Figure 3.2: Drop diameter of ink on polyimide substrate dispensed from Dimatix
DMP-2800. The drop size shown here is 41.648 µm measured with Hirox KH-7700
digital microscope.
(a) Printed tracks
with a drop spacing
of 60 µm
(b) Printed tracks
with a drop spacing
of 50 µm
(c) Printed tracks
with a drop spacing
of 40 µm
(d) Printed tracks
with a drop spacing
of 20 µm
Figure 3.3: Microscope images showing the variation in printed tracks with decrease
(left to right) in drop spacing
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3.2.1 Drop Spacing
To print continuous tracks, the drop spacing had to be calibrated such that successive
drops overlapped without causing excessive material deposition. As seen in Figure
3.3, a drop spacing of 60 µm resulted in gaps between the drops. As drop spacing
is decreased to 50 µm (see Figure 3.3(b)), the gap decreases, but droplets do not
overlap. With a drop spacing of 40 µm (see Figure 3.3(c)), few drops make contact
with each other, and gaps are still evident in the track. When the spacing was
lowered to 20 µm (Figure 3.3(d)), the drops overlapped each other, and a continuous
track was obtained.
3.2.2 Printing Orientation
It was also observed that the continuity of the tracks depended upon the printing
orientation. This effect is demonstrated with the help of Figure 3.4. Ink is dispensed
through 16 discrete nozzles on the print head, aligned in the x-direction. Two
tracks were printed, one parallel to the print head raster direction (x-direction), and
one perpendicular (y-direction) to the print head raster direction. Rastering is the
direction in which the print head moves while depositing ink on the substrate. For
the Dimatix printer, rastering is in the x-direction, which is also parallel to the linear
array of the nozzles. When a track is printed along the rastering or nozzle array
direction, the track is composed of continuous line stripes aligned in the x-direction
(assuming there is no overlap between each raster) or aligned along the length of the
track. Similarly, tracks printed perpendicular to the rastering direction (y-direction)
too will result in continuous lines in the x-direction. However, as the line runs along
the y-directions the continuous lines will be along the width of the track.
We have been able to observe this phenomenon while printing copper nanoink
on Wausau brand paper. In Figure 3.5, an inverted L-shaped printed track can be
seen. It can be observed that the deposition made along the x-direction has long
continuous stripes of ink along its length. The part of the track aligned along the
y-direction has multiple continuous stripes in the x-direction (spanning its width),
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Figure 3.4: The effect of rastering direction on track continuity
disconnected from each other. Thus not only drops, but also individual rasters
need to overlap to achieve continuous tracks. In Figure 3.5, the rasters do not
overlap. This is controlled by the resolution used during printing. Dimatix provides
a reference chart to set the printing resolution according to the drop spacing. For
20 µm spacing, the recommended image resolution of 1270 dpi was used.
3.3 Photonic Curing of the Ink
The ink is composed of Cu nanoparticles in the form of CuO (Copper Oxide), which
is reduced to Cu after photonic curing. The nanoparticles are held in a suspension
that is kept stable in a solvent by a number of additives. The solvent also helps
maintain viscosity of the ink. A viscosity of 2 cP to 100 cP is necessary for any ink
to be inkjet printable, as stated by Calvert et al. [4]. But the solvent itself is not
conductive, and thus needs to be removed to achieve optimum conductivity of the
printed tracks.
To remove the solvent, the standard procedure used in this research was to dry
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Figure 3.5: Printed tracks showing patterns with respect to print orientation
the printed samples in an oven at 150  for 3 minutes. The substrates used were
resistant to that temperature when heated via convection, and this procedure dried
off most of the solvent. Any remaining solvent in the tracks was driven off during
photonic curing. Both the Metalon ICI-021 and ICI-002HV inks are copper-oxide
based aqueous dispersions. When photonically cured, a reduction reaction reduces
the copper-oxide to copper and drives the organic material out of the ink leaving
behind fused copper nanoparticles.
In the PulseForge 3300 machine, the following parameters were controlled to
sinter the screen printed pattern:
 Number of pulses
 Pulse frequency
 Voltage
 Pulse duration
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Changing levels of these factors allows one to control the energy of the photonic
pulses and subsequently the heat and curing time of the printed tracks. Voltage
is the primary control variable that controls the energy of the pulse(s) emanating
from the strobe lamps. The length of time for which each photonic pulse lasts is
determined by the control variable Duration.
Pulse Count gives the number of times the strobe lamp flashes during a curing
cycle. The time between successive photonic pulses is controlled by the variable
Frequency or the number of flashes per second. The range of the four control vari-
ables was obtained through screening experiments. The response variable used was
the resistance/square (Ω/sq.) of the printed conductive material, which is the resis-
tance of the track divided by the ratio of total length to width of the printed track.
The length of the track is thus of value
40 mm
1 mm
= 40 squares (see Figure 3.1). For
example, if a resistance of 60 Ω is obtained, the resistance/sq. value for the printed
samples would be
60 Ω
40 squares
= 1.5 Ω/sq.
3.4 Printing on Paper
ICI-021 copper-oxide paste (screen print ink, 57.5% solid loading fraction) was screen
printed on Wausau 110 lb paper and dried at 150  for 3 minutes. Some samples
were printed by overlapping sheets of paper on top of the other, such that ink was
printed on the overlapped edge. This made it possible to obtain a cross section view
when the plane of view of the microscope was matched with the plane of paper.
It can be seen from Figure 3.6 that the ink was not cured to its complete depth.
A section of black uncured ink remained at the bottom, while the cured ink formed
a characteristic copper color layer at the top. The resistance, when cured under such
conditions, was found to be about 0.032 Ω/sq. Further observations concluded that
photonic curing conditions leading to greater curing depth caused lower resistances
(or equivalently, higher conductivity). Figure 3.7 shows the ink cured at an increased
voltage. The cure depth increased with only a very thin layer of uncured ink at the
base. The resistance decreased to 0.0243 Ω/sq. Lowest resistances were obtained at
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the curing conditions in Figure 3.8. With these settings almost the full depth of the
ink was cured.
Using a screen with an etched track of 70 squares a number of samples were
prepared on Wausau 110 lb paper for a Face Centered Cubic Design experiment.
Four factors, viz., voltage, pulse duration, frequency and pulse count were used and
2 replicates of the runs were made. This design generated 62 runs (design table in
Appendix 5.1). All the samples were dried in the oven at 150  for 3 minutes
before being photonically cured. The design parameters used are as follows:
 Factors: 4
 Replicates: 2
 Base runs: 31
 Total runs: 62
 Base blocks: 1
 Total blocks: 1
 Two-level factorial: Full factorial
 Cube points: 32
 Center points in cube: 14
 Axial points: 16
 Center points in axial: 0
 α: 1
ICI-002HV ink-jet ink was printed on Wausau 110 lb paper with a Dimatix
DMP-2800. The tracks were printed and placed in the oven for drying. They were
run through the PulseForge for photonic curing at a number of control parameter
settings obtained from previous experiments.
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Figure 3.6: Copper ink (ICI-021) cured at 280 V, 3 Hz, 3 pulses of 1400 µs duration
Figure 3.7: Copper ink (ICI-021) cured at 290 V, 3 Hz, 3 pulses of 1400 µs duration
Figure 3.8: Screen print copper ink (ICI-021) cured at 290 V, 3 Hz, 3 pulses of 1500
µs duration
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Figure 3.9: Copper nanoink (ICI-002HV) printed on paper
With Metalon ICI-021 screen printing ink, good resistivity values were achieved.
However, poor results were achieved with the ICI-002HV inkjet printed ink. Upon
curing the ink, no resistance was recorded with the Fluke multimeter. Upon ex-
amining the samples under the microscope (see Figure 3.9), it was observed that
the ink had seeped into the fibers in the paper, and the lines were full of voids.
The micro-fibers in the paper can be seen protruding from the surface of the tracks.
To remove the voids and improve the particle-to-particle connection in the printed
tracks, successive layers were printed. But with each print, the amount of solvent
also increased, making the paper wet and deteriorating the integrity of the substrate.
3.5 Printing on PET
Table 3.1 summarizes the results of the experiments conducted on PET using screen
printed ICI-021 ink. It is evident that the parameters for photonic curing on PET
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Table 3.1: Curing parameters with screen copper on PET
Number
of pulses
Pulse
Frequency
(Hz)
Voltage
(Volts)
Pulse
Duration
(µs)
Resistance
(Ω /sq.)
Comments
3 2 220 1550 Cured with
cracks in ink
3 2 230 1550 0.1033
3 2 230 1500 0.0943
3 3 230 1500 0.0317
3 1.5 232 1500 Cured but ink
blown off
3 2 230 1550 0.125
3 2 230 1600
3 2 231 1500 Ink blown off
in areas
3 2 232 1500 Cracks in ink
3 3 240 1500 0.105
3 2 240 1600 Blowholes all
over the ink
3 2 240 1500 Cracks in
most areas
3 3 240 1500 Cracks in ink
vary from when paper is used as the substrate. With voltages exceeding 250 volts,
the nanoink was ablated from the substrate. A major hurdle faced with the screen
printing ink on PET was adhesion. When photonically cured, the ink delaminated
from the PET when bent (see Figure 3.10). Thus, no resistance readings were
possible. However, peeling of a layer indicated good cohesion, as the nanoparticles
fused with each other during the sintering process.
To try and improve the adhesion, atmospheric plasma was used to treat the PET
prior to screen printing. This led to an improved adhesion of the uncured ink, which
can be attributed to the fact that atmospheric plasma treatment of the PET lowers
its surface energy, thus improving wetting of the aqueous metalon ink.
When screen printed copper on plasma treated substrates was photonically cured,
the delamination problem persisted. A hot fusion approach to address this issue was
therefore attempted. This is a simple technique whereby the printed substrate is
passed between two rollers (one of them heated), with the application of pressure.
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Figure 3.10: Screen printed copper nanoink peeling off untreated PET substrate
The heat causes the substrate and ink to heat towards their glass transition tem-
perature and bind together while cooling down.
A number of samples were prepared using the following four processing ap-
proaches:
1. PET plasma treating → Screen printing → Hot fusion → Photonic curing →
Hot fusion (2nd time)
2. PET plasma treating → Screen printing → Photonic curing → Hot fusion
3. Screen printing → Hot fusion → Photonic curing → Hot fusion (2nd time)
4. Screen printing → Photonic curing → Hot fusion
The PET was plasma treated at 100 Watts and hot fusion was carried out at a
pressure of 85 psi and temperature of 175 . Analyzing the samples after fusion, it
was seen that hot fusion led to significant improvement of the adhesion. Adhesion
was tested using the ASTM Standard Tape Test F2452-04 (2012) for printed media.
The best adhesion was obtained when plasma treated PET was hot fused and then
photonically cured. Figure 3.11 shows the printed pattern after photonic curing.
The tape test was performed on a section of the pattern while leaving the other
half untouched. It was observed that the cured ink peeled off from the uncured
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Figure 3.11: Photonic cured screen printed ink peels off from uncured when tape
test for adhesion is conducted
copper layer beneath. This underscored the importance of ensuring that printed ink
is cured through its full thickness.
Even though the sample displayed greatly improved adhesion with hot fusion, the
printed tracks exhibited cracks and discontinuities after photonic curing. Thus no
resistance reading could be recorded. When small continuous sections of the circuit
were measured, it was possible to obtain resistance values indicating the presence
of cured copper nanoparticles. For substrates that were not plasma treated, the
uncured ink displayed lower adhesion strength than the others.
Rapid cooling of PET after curing might contribute to lack of adhesion of the
ink. To prevent the loss of heat, a 110 lb Wausau paper was placed beneath the
PET to act as an insulating layer. Using this technique, a number of screening
experiments were run. The samples were observed to have better adhesion upon
curing.
Similar problems were faced with inkjet printed copper on the PET. With inkjet
printed copper, the results were generally less satisfactory than with the screen
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(a) A single layer printed
track. Voids can be seen
on the upper edges of the
track.
(b) An inkjet printed track
with 2 layers of ink. A
clean print with no voids in
the track can be seen.
(c) An inkjet printed track
with 3 layers of ink. With
more layers the ink starts
spreading outwards.
Figure 3.12: Inkjet printed tracks on polyimide substrate with 1, 2 and 3 layer(s) of
ink
printing paste. The PET was plasma treated before being printed on, but photonic
curing generally led to ink blow off from the substrate. Both dried (in oven) and
undried samples were photonically cured at various control variable settings, but
none of them adhered to the substrate after the photonic curing process.
3.6 Printing on Polyimide
Printing on polyimide (Kapton) was carried out with the same conductive coupon
geometry as on PET and paper substrates. When the tracks were inkjet printed
with a single layer of ink, voids could be seen along the printed trace edges (see
Figure 3.12(a)). The voids can occur due lack of material in that area which may be
related to a clogged nozzle or surface tension irregularities. To fill those voids, the
number of layers of ink printed was set to 2 and 3 respectively in the subsequent print
trials. This technique eliminated the voids, and subsequent samples were printed
with more than one layer of ink.
The printed samples exhibited different characteristics after photonic curing
when dried in the oven to when they were not dried in the oven.
Curing following oven drying
Printed tracks were put in an oven at 150  for 3 minutes to dry off the excess
solvents from the tracks. The tracks were dry to the touch after drying, and the
solvents did not flow when the tracks were held at an angle. The samples were
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(a) An undried double
layer printed track
(b) Double layered track
after drying
(c) The track after pho-
tonic curing
Figure 3.13: A double layered printed track shown before and after photonic curing
then passed through the Novacentrix PulseForge 3300 for photonic curing at various
control variable settings (see Table 3.2). Resistances of the samples were measured
using a two probe multimeter. It was found that none of the samples displayed any
conductivity. The samples were then studied with the microscope for further analysis
(Figure 3.13), and it was seen that the tracks had no Cu nanoparticle deposition,
except for a very thin line at the boundary.
To analyze if heating the substrate had any effect on ink adhesion, the polyimide
substrate was placed in the oven independent of any ink at 150  for 3 minutes.
Double layered Cu tracks were printed on the substrate, and photonic curing was
applied on the printed substrates at different control variable settings. These samples
exhibited characteristics similar to samples that were not dried in the oven (see
Section 3.6). Thus, it can be concluded that the heating of the substrate did not
contribute to adhesion between the substrate and the ink.
Curing without oven drying
In this step, energy from the photonic pulses is used to simultaneously evaporate
the solvent and cure the ink. Table 3.2 lists the control variables used for the
experiments and their respective treatment levels, the response variable being the
resistance of the tracks after curing.
A Central Composite Design experiment was developed with the control variables
listed in Table 3.2. The runs were replicated thrice. Four center points were included
in the experiment to reveal any non-linear relationships that might exist within the
control variables. The experimental runs were also randomized for a robust analysis
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Table 3.2: Control variable settings used for photonic curing on polyimide substrate
Voltage
(Volts)
Duration
(µs)
Frequency
(Hz)
Pulse
Count
300 1900 40 6
292.5 1800 32.5 5
285 1700 25 4
277.5 1600 17.5 3
270 1500 10 2
of the causal relationship(s) between the control variables that would affect the
response variable. The design parameters were as follows:
 Factors: 4,
 Replicates: 3
 Base runs: 28
 Total runs: 84
 Base blocks: 1
 Total blocks: 1
 Two-level factorial: Full factorial
 Cube points: 48
 Center points in cube: 12
 Axial points: 24
 Center points in axial: 0
 α: 2
In Figure 3.14, microscopic images from the trials are shown sequentially as the
tracks were being exposed to photonic pulses at a setting of 285 Volts, 1700 µs, 25
Hz and 4 Pulse Counts. In Figure 3.14(a) the uncured and undried printed tracks
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Figure 3.14: Photonic drying and curing of copper on Kapton with voltage 285 V,
pulse length 1700 µs, frequency 25 Hz, pulse count of 4 and number of layers =2.
(a) Uncured track (b) Cured track after 1st photonic pulse(s) application (c) Cured
track after 2nd application (d) Cured track after 3rd application
Figure 3.15: Photonic drying and curing of copper on Kapton with voltage 285 V,
pulse length 1700 µs, frequency 25 Hz, pulse count of 4 and number of layers = 3
(a) Uncured track (b) Cured track after 1st application of photonic pulses (c) Cured
track after 2nd application (d)Cured track after 3rd application (e) Cured track
after 4th application
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can be seen. After application of the first photonic pulses at the settings mentioned,
part of the solvent evaporates from the fringes (Figure 3.14(b)), but organic material
remains at the center of the track. For evaporation of the remaining solvent, photonic
pulses were applied again with the same settings, resulting in further drying of the
solvent. The resistance of the tracks was recorded at this point. To ensure complete
removal of the organic solvent, photonic pulses were applied again, resulting in a
decrease in the resistance reading, and more evaporation of solvents. When applied
for a fourth time, the copper nanoparticles were blown off of the substrate.
In order to investigate the effect of higher material deposition on the tracks,
samples were printed with three layers of ink (Figure 3.15) and statistically analyzed
using the Central Composite Design experiments. While the double layer samples
had to be exposed to photonic pulses thrice, the three layered samples required four
exposures to evaporate solvents. This can be attributed to the fact that more layers
have higher solvent deposition, so it takes more energy to evaporate the solvents.
Figure 3.15 demonstrates the stages of solvent loss for the three layered samples.
Similar to two layered samples, there was slight loss of solvents at the fringes after
the first set of photonic pulses (Figure 3.15(b)). With each set of pulse application,
the solvent content decreased along with measured resistance. Figure 3.15(e) shows
the printed track after fourth set of photonic pulses, where the solvent has evapo-
rated completely. On application of a fifth photonic pulse, the energy ablated the
nanoparticles off the substrate.
To summarize, screen print copper paste was used to print tracks on paper and
PET. Inkjet printing was used to form conductive coupons on paper, PET and
polyimide. Spherical central composite experiments were designed to collect data
from screen printed paper and inkjet printed polyimide samples. Inkjet printed
tracks on polyimide exhibited good conductivities when simultaneously dried and
cured using photonic pulses. PET did not display satisfactory results with either
screen printing or inkjet curing.
42
Chapter 4
Results and Discussions
Observations and results from the experiments conducted with screen and inkjet
printed copper nanoink on paper, PET and polyimide are presented in this chapter.
Both electrical properties and adhesion characteristics of the ink are analyzed to
determine variation of photonic curing parameters with the substrates.
4.1 Paper as Substrate
4.1.1 Electrical properties of the samples
An analysis of variance of the central composite designed experiment on paper has
been shown in Table 4.1. Except frequency, other factors have significant effect
on the response as shown by their p-values < 0.05. The model has an R-squared
value of 83.86%, suggesting that the fit of the regression model is good and it is
able to predict results with significant confidence. The R-squared adjusted value,
which takes errors into consideration, also has a fit of 79.05% pointing to a robust
regression model. ANOVA was further conducted by systematically eliminating the
interactions, followed by the square terms. Final results from the ANOVA exhibit
decrease in the R-sq values (see Table 4.2), dropping to 74.5% from previous values
of 83.68%. However, the R-squared predicted values does not vary significantly,
changing from 69.30% to 65.73% in the modified model.
Residual plots of the data (Figure 4.1) show a histogram that closely approx-
imates the normal distribution with a gentle left skew. Due to the sample size
(>30), it is possible to ignore the skew. The normal probability plot closely follows
a straight line with one outlier. There are almost equal number of points above
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Table 4.1: Analysis of variance table for copper paste printed on paper
Source DF Adj. SS Adj. MS F-value P-value
Model 14 2.85403 0.203859 17.44 0
Linear 4 1.5853 0.396326 33.9 0
Voltage 1 0.93859 0.938592 80.28 0
Duration 1 0.50884 0.508844 43.52 0
Frequency 1 0.00044 0.000439 0.04 0.847
Pulse count 1 0.13743 0.137429 11.75 0.001
Square 4 0.28575 0.071437 6.11 0
Voltage*Voltage 1 0.02395 0.023952 2.05 0.159
Duration*Duration 1 0.00705 0.007052 0.6 0.441
Frequency*Frequency 1 0.0114 0.011398 0.97 0.329
Pulse count*Pulse count 1 0 0.000002 0 0.989
2-Way Interaction 6 0.98298 0.16383 14.01 0
Voltage*Duration 1 0.48371 0.483706 41.37 0
Voltage*Frequency 1 0.0119 0.011902 1.02 0.318
Voltage*Pulse count 1 0.19309 0.193087 16.52 0
Duration*Frequency 1 0.01633 0.016329 1.4 0.243
Duration*Pulse count 1 0.27222 0.272217 23.28 0
Frequency*Pulse count 1 0.00574 0.00574 0.49 0.487
Error 47 0.5495 0.011691
Lack-of-Fit 10 0.22366 0.022366 2.54 0.019
Pure Error 37 0.32584 0.008806
Total 61 3.40353
S: 0.108127 R-sq:
83.86%
R-
sq(adj):
79.05%
R-
sq(pred):
69.30%
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Table 4.2: Analysis of variance table for copper paste printed on paper with non-
significant terms excluded
Source DF Adj. SS Adj. MS F-value P-value
Model 6 2.5339 0.422313 26.71 0
Linear 3 1.5849 0.528288 33.41 0
Voltage 1 0.9386 0.938592 59.36 0
Duration 1 0.5088 0.508844 32.18 0
Pulse count 1 0.1374 0.137429 8.69 0.005
2-Way Interaction 3 0.949 0.316337 20.01 0
Voltage*Duration 1 0.4837 0.483706 30.59 0
Voltage*Pulse count 1 0.1931 0.193087 12.21 0.001
Duration*Pulse count 1 0.2722 0.272217 17.22 0
Error 55 0.8697 0.015812
Lack-of-Fit 18 0.5438 0.030212 3.43 0.001
Pure Error 37 0.3258 0.008806
Total 61 3.4035
S: 0.125745 R-sq:
74.45%
R-
sq(adj):
71.65%
R-
sq(pred):
65.73%
and below the mean line in the fits plot, suggesting constant variance. Plot of the
observation suggests an initial pattern, which evens out with observation order. The
data thus appear independent of each other.
From the main effects plot (Figure 4.2) of the central composite design with
screen printing ink, it can be observed that voltage has a significant effect on the
resistance of the printed tracks. As the voltage is increased from 240 volts to 270
volts, a sharp decrease in resistance is noticed. The same effect can be observed in
case of the pulse duration, with resistance decreasing as duration increases from 800
µs to 1200 µs. When the pulse count and frequency are increased, the resistance
can be observed to first dip sharply and then demonstrate a rising trend.
In the interaction effects plot (Figure 4.3), voltage and pulse count seem to
have a significant interaction with each other. The duration and frequency of the
photonic pulses can also be seen to demonstrate strong interaction effects. Apart
from frequency, duration of the pulses also exhibits interaction with the number of
photonic pulses.
The contour plots shown in Figure 4.4 reinforce the data demonstrated in the
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Figure 4.1: Residual plots for designed experiment with paper as substrate
main effects plots. Non-significant factors have been included as an aid to illustrate
trends in the resistance. The resistance of the samples can be seen to be declining
with increasing voltage and pulse duration of the photonic pulses. Green areas in
the plot indicate points of higher resistance values. The transition from green to
blue signifies fall in resistance of the samples and the darker the shade of blue, lower
is the resistance of that area.
The following conclusions can be drawn from the results:
 High viscosity of the paste (300,000 cP) does not let it seep into the fibers of
the paper.
 Higher solid loading of copper nanoparticles in the paste (57.5%) causes low
electrical resistance due to more connections between the nanoparticles.
 The curing depth of the printed ink increases with increase in the energy
incident upon it, up to its energy saturation level.
 Higher voltage rating of the photonic pulses leads to lower resistance values of
the samples, which is likely due to greater curing depth and increased curing
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Figure 4.2: Main effects plot of central composite design experiment of screen printed
copper on Wausau paper
Figure 4.3: Interaction effects plot of central composite design experiment of screen
printed copper on Wausau paper
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Figure 4.4: Contour plot of central composite design experiment of screen printed
copper on Wausau paper
temperature.
Simpulse is a thermal simulation software developed by Novacentrix that esti-
mates the ink and substrate temperatures for a given set of photonic curing pa-
rameters. It essentially simulates the thermal profile of material stacks, given the
height and material type of each stack by using thermodynamic equations. The
simulation is however a 1-dimensional approximation. In Figure 4.5, an illustration
of the material stack has been shown. The red, blue and green arrows point to
specific regions from which temperatures are recorded. These are then displayed in
thermal simulation graphs (Figure 4.8, 4.9). A materials database contains wide va-
riety of materials along with their thermo-physical properties like thermal diffusivity,
melting point, and diffusivity that can selected for use in the simulation.
A cross-section view of the printed tracks and their corresponding temperature
profiles have been placed adjacent to each other in Figure 4.8. Height of the tracks
was measured using the Tenco P-2 profilometer, and thickness of the substrates was
measured with the Hirox KH-7700 digital microscope. Using the above informa-
tion, thermal profiles were generated with Simpulse, where temperature at the top
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Figure 4.5: Simpulse material stack illustration
surface of the ink is shown by the red curves (see Figure 4.6(b)), blue ones depict
temperature at the interface, and yellow curves denote the temperature at the base
of the substrate. It can be seen in Figure 4.6(b) that there are two peaks, each
representing a photonic pulse. With application of the first pulse, the predicted
temperature of the ink rises to about 54  and gradually decreases before rising
again to 63.4  when the second photonic pulse is applied. Under these conditions,
the printed track had measured resistance of 0.437 Ω/sq. Only the top layer was
seen to develop a characteristic copper color denoting curing at the surface. The
red curves can be seen only at certain sections of the graphs because they overlap
with the temperature at the interface. It can be also observed that even though the
ink temperature rises, the substrate temperature remains fairly low.
Similar to Figure 4.6(b), in Figures 4.7(b) and Figure 4.8(b), the predicted peak
temperatures are 68.4  and 84.1  with resistances of 0.245 Ω/sq. and 0.062
Ω/sq. respectively. According to the simulation, curing starts in the window of
63  to 68 . Curing parameters that generate predicted temperatures below 60
 did not generate conductive tracks.
It is important to recognize that the predicted temperature values appear to be
significantly lower than actual temperatures achieved. Given the melting point de-
pression model for nanoparticles, temperatures in the neighborhood of 80  would
not be expected to sinter copper nanoparticles. More work is needed to understand
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(a) Curing parameters used: 250 Volts, 600 µs, 2 pulses at 2 Hz.
(b) Simpulse simulation of Fig. 4.6(a)
Figure 4.6: Simpulse simulation of copper nanoink on paper and corresponding
section view of cured ink. Thickness of paper = 240 µm, height of ink = 80 µm
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(a) Curing parameters used: 240 Volts, 900 µs, 2 pulses at 2 Hz.
(b) Simpulse simulation of Fig. 4.7(a)
Figure 4.7: Simpulse simulation of copper nanoink on paper and corresponding
section view of cured ink. Thickness of paper = 240 µm, height of ink = 80 µm
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(a) Curing parameters used: 250 Volts, 1100 µs, 2 pulses at 2 Hz.
(b) Simpulse simulation of Fig. 4.8(a)
Figure 4.8: Simpulse simulation of copper nanoink on paper and corresponding
section view of cured ink. Thickness of paper = 240 µm, height of ink = 80 µm
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how the model differs from the real system.
No resistance values could be obtained from the inkjet printed ink (ICI-002HV)
mainly because of the low viscosity that caused it to seep into the fibers of the
paper. The reasons for failure of the ink to form conductive traces on paper can be
summarized as follows:
 High solvent content and low viscosity (9-12 cP)causes the ink to wet the paper
such that it seeps into the fiber structure causing discontinuities in the printed
tracks.
 The substrate (Wausau 110 lb paper), was uncoated. To prevent seeping of
the ink, the substrate needs to be coated with a polymer.
 The low solid loading fraction (16%) does not deposit enough nanoparticles
on the substrate to form continuous connections.
4.1.2 Adhesion of the ink to the substrate
As the ink seeps into the paper, the bonding of the ink with the substrate is appre-
ciable for both the screen printed and inkjet printed inks. After the tape test was
conducted on the screen printed samples, the tracks did not show any significant
change in resistance. However, as the inkjet printed tracks did not conduct electric-
ity after photonic curing, it was not possible to determine if the tape test caused
any change in the resistivity of the samples.
4.2 PET as Substrate
4.2.1 Electrical conductivity of the samples
Sections of the printed tracks were conductive. However, due to presence of cracks,
most the samples were non-conductive for their complete length. The samples that
exhibited conductivities have been shown in Table 3.1.
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Simpulse simulations of three samples have been demonstrated in Figure 4.9
(see section 4.1.1 for Simpulse simulation working). In Figure 4.9(a), it can be seen
there are three temperature peaks, each denoting a photonic pulse. The temperature
sharply declines in the dwell period between successive pulses, staying constant for
about 300 microseconds before rising again. The temperature at the base of the
substrate closely follows the temperature at the interface (blue curve), gradually
rising with each pulse. Curing parameters generating predicted temperatures around
89  initiated curing of the ink. Higher temperatures resulted in lower resistances,
thus suggesting 89  being the initiation point for curing of ICI-021 copper ink
printed on PET.
When an insulating layer of paper was used below the PET while photonically
curing screen printed ink, there was less ablation and cracks in the printed tracks.
4.2.2 Adhesion of the ink to the substrate
When using PET substrates, we could not record resistance for complete length of
the conductive coupons for either ICI-002HV or ICI-021 inks. However, ICI-021
demonstrated appreciable adhesion to the substrate before photonic curing.
The ICI-002HV ink fails to adhere to the substrate even after plasma treatment.
Due to the low solid loading of CuO, and the amount of ink deposited, it is unable
to form continuous connected tracks upon photonic curing.
4.3 Polyimide as Substrate
Data of residuals for tracks printed with two layers of ink has been plotted in Figure
4.11. It can be observed from the normal probability plot that there are a few
outliers, and the histogram not representing a normal distribution. From the analysis
of variance (ANOVA) in Table 4.4, none of the factors have an effect on the variance
of the data. But the square terms of voltage*voltage has a low p-value, indicating
a curvature in the model. The R-square value obtained from the ANOVA is 0.00%,
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(a) Curing parameters used: 230 Volts, 1500
µs, 3 pulses at 2 Hz. Resistance = 0.0943
Ω/sq.
(b) Curing parameters used: 230 Volts, 1550
µs, 3 pulses at 2 Hz. Resistance = 0.125
Ω/sq.
(c) Curing parameters used: 240 Volts, 1600
µs, 3 pulses at 2 Hz. Resistance = 0.0943
Ω/sq.
Figure 4.9: Simpulse simulation of copper nanoink on PET. Thickness of PET =
154 µm, height of ink = 100 µm
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Table 4.3: Resistance values with screen print ink on PET, with Wausau 110 lb
paper placed beneath the PET as an insulating layer
Voltage
(Volts)
Duration
(µs)
Frequency
(Hz)
Pulse
Count
Measured
Resistance
(Ω/sq.)
240 700 2 2 0.772
240 600 2 2 not cured
240 600 2 3 not cured
240 700 3 2 0.664
240 700 3 3 0.728
240 700 4 3 0.464
240 700 4 4 0.624
240 600 4 4 0.41
230 600 4 4 0.276
230 600 3 3 1.83
230 600 4 3 1.102
230 600 3 2 0.5912
240 600 3 2 1.454
240 500 4 4 0.396
240 500 3 3 cracks in track
240 500 4 3 cracks in track
240 500 3 4 0.541
250 500 3 4 3.62
250 600 3 4 0.492
250 600 3 3 0.506
250 600 3 2 0.436
250 600 3 5 2.076
250 700 3 5 cracks in track
250 800 3 5 cracks in track
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(a) Curing parameters used: 240 Volts, 600
µs, 3 pulses at 2 Hz. Resistance = Infinite
Ω/sq.
(b) Curing parameters used: 230 Volts, 600
µs, 4 pulses at 4 Hz. Resistance = 0.276
Ω/sq.
Figure 4.10: Simpulse simulation of screen print copper nanoink on PET, and
Wausau 110 lb paper placed beneath PET as an insulating layer. Thickness of
PET = 130 µm, height of ink = 40 µm
or in other words the model cannot predict the variation of the data.
The model is modified by excluding the non-significant terms, which generates
the ANOVA shown in Table 4.5. The R-square value is seen to improve from 0.00%
to 28.71%, indicating improvement in predictability of the model.
Probable causes for this behavior, firstly, could be noise in experiment, that
causes variation greater than the measured effect. Secondly, non-uniform samples
may lead to skewed data. The non-uniform samples can be easily identified with
the help of outliers in the residuals plot (Figure 4.11).
For samples with three printed layers of ink, a plot of the residuals is shown in
Figure 4.12. The variance of the data and their independence seem satisfactory, but
the normality of the data is skewed. The normal probability plot indicates that the
normality assumption is violated, with a p-value<0.005 supporting the case. An
ANOVA of the results, shown in Table 4.6, also demonstrate none of the variables
appear to be significant. The R-sq value has a 0% prediction capability for the
model.
To overcome the violation of normality assumption, the data was transformed
with the application of natural logarithm to the response. When the residuals
for the transformed data were plotted (Figure 4.13), a nearly normal data can be
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Figure 4.11: Residual plots for 2 layered printed samples
Figure 4.12: Residual plots for 3 layered samples on polyimide
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Table 4.4: Analysis of variance table for Figure 4.11
Source DF Adj. SS Adj. MS F-value P-value
Model 14 1.9892 0.14209 2.46 0.007
Linear 4 0.31635 0.07909 1.37 0.254
Voltage 1 0.10986 0.10986 1.9 0.172
Duration 1 0.04266 0.04266 0.74 0.393
Frequency 1 0.12521 0.12521 2.17 0.146
Count 1 0.03862 0.03862 0.67 0.416
Square 4 1.45028 0.36257 6.28 0
Voltage*Voltage 1 1.31237 1.31237 22.72 0
Duration*Duration 1 0.00227 0.00227 0.04 0.843
Frequency*Frequency 1 0.03716 0.03716 0.64 0.425
Count*Count 1 0.00798 0.00798 0.14 0.711
2-Way Interaction 6 0.22257 0.0371 0.64 0.696
Voltage*Duration 1 0.01028 0.01028 0.18 0.674
Voltage*Frequency 1 0.00005 0.00005 0 0.977
Voltage*Count 1 0.19032 0.19032 3.29 0.074
Duration*Frequency 1 0.00942 0.00942 0.16 0.688
Duration*Count 1 0.00591 0.00591 0.1 0.75
Frequency*Count 1 0.00659 0.00659 0.11 0.737
Error 69 3.98625 0.05777
Lack-of-Fit 10 0.62569 0.06257 1.1 0.378
Pure Error 59 3.36056 0.05696
Total 83 5.97544
S: 0.240357 R-sq:
33.39%
R-
sq(adj):
19.75%
R-
sq(pred):
0.00%
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Table 4.5: ANOVA with non-significant factors excluded (2 layered samples on
polyimide)
Source DF Adj. SS Adj. MS F-value P-value
Source DF Adj SS Adj MS F-Value P-Value
Model 5 1.71562 0.34312 6.28 0
Linear 4 0.31635 0.07909 1.45 0.226
Voltage 1 0.10986 0.10986 2.01 0.16
Duration 1 0.04266 0.04266 0.78 0.38
Frequency 1 0.12521 0.12521 2.29 0.134
Count 1 0.03862 0.03862 0.71 0.403
Square 1 1.39928 1.39928 25.62 0
Voltage*Voltage 1 1.39928 1.39928 25.62 0
Error 78 4.25982 0.05461
Lack-of-Fit 19 0.89926 0.04733 0.83 0.663
Pure Error 59 3.36056 0.05696
Total 83 5.97544
S: 0.233694 R-sq:
28.71%
R-
sq(adj):
24.15%
R-
sq(pred):
15.43%
observed. While the normal probability plot has an p-value of 0.130, validating its
normality, the histogram also depicts a normal distribution. The variance can be
seen to be constant and there is no trend in the observation order, suggesting the
data is independent of each other.
When an ANOVA table is constructed for the log transformed data, as shown in
Table 4.7, no significant factors are seen. Only the voltage*voltage quadratic term
has the lowest p-value.Thus, though the normality, independence and the constant
variance assumptions are valid for the experiment, no significant factors could be
detected through this experiment. This suggests that there are factors beyond those
included in the model that influence the electrical conductivity of the printed ink.
One of these factors could be number of layers of ink. This can be said because
the variation in response of the samples to the same curing conditions changes
significantly when the number of layers of ink is varied.
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Table 4.6: Analysis of variance table for 3 layered samples
Source DF Adj. SS Adj. MS F-value P-value
Source DF Adj SS Adj MS F-Value P-Value
Model 14 0.26426 0.018876 0.69 0.774
Linear 4 0.04266 0.010666 0.39 0.814
Voltage 1 0.02033 0.020335 0.75 0.391
Duration 1 0.00294 0.002939 0.11 0.744
Frequency 1 0.01934 0.019339 0.71 0.402
Count 1 0.00005 0.00005 0 0.966
Square 4 0.08207 0.020518 0.75 0.559
Voltage*Voltage 1 0.06154 0.061542 2.26 0.137
Duration*Duration 1 0.00217 0.002167 0.08 0.779
Frequency*Frequency 1 0.00294 0.002939 0.11 0.744
Count*Count 1 0.01273 0.012733 0.47 0.496
2-Way Interaction 6 0.13952 0.023254 0.85 0.533
Voltage*Duration 1 0.00653 0.006533 0.24 0.626
Voltage*Frequency 1 0.0595 0.059502 2.18 0.144
Voltage*Count 1 0.00044 0.000438 0.02 0.899
Duration*Frequency 1 0.0363 0.0363 1.33 0.252
Duration*Count 1 0.00181 0.001813 0.07 0.797
Frequency*Count 1 0.03494 0.034938 1.28 0.261
Error 69 1.87977 0.027243
Lack-of-Fit 10 0.3161 0.03161 1.19 0.314
Pure Error 59 1.56367 0.026503
Total 83 2.14403
S: 0.165055 R-sq:
12.33%
R-
sq(adj):
0.00%
R-
sq(pred):
0.00%
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Table 4.7: Analysis of variance table for log transformed response of 3 layered sam-
ples
Source DF Adj. SS Adj. MS F-value P-value
Source DF Adj SS Adj MS F-Value P-Value
Model 14 0.39745 0.028389 0.71 0.756
Linear 4 0.03998 0.009995 0.25 0.909
Voltage 1 0.00084 0.000844 0.02 0.885
Duration 1 0.00297 0.002968 0.07 0.786
Frequency 1 0.02153 0.021528 0.54 0.465
Count 1 0.01464 0.01464 0.37 0.547
Square 4 0.1277 0.031925 0.8 0.53
Voltage*Voltage 1 0.09688 0.096881 2.43 0.124
Duration*Duration 1 0.00275 0.002746 0.07 0.794
Frequency*Frequency 1 0.00442 0.004421 0.11 0.74
Count*Count 1 0.01856 0.018562 0.46 0.498
2-Way Interaction 6 0.20044 0.033407 0.84 0.546
Voltage*Duration 1 0.01177 0.011766 0.29 0.589
Voltage*Frequency 1 0.07779 0.077786 1.95 0.167
Voltage*Count 1 0.00147 0.001474 0.04 0.848
Duration*Frequency 1 0.05497 0.054968 1.38 0.245
Duration*Count 1 0.00077 0.000768 0.02 0.89
Frequency*Count 1 0.05368 0.053683 1.34 0.25
Error 69 2.75539 0.039933
Lack-of-Fit 10 0.44437 0.044437 1.13 0.353
Pure Error 59 2.31101 0.03917
Total 83 3.15284
S: 0.199833 R-sq:
12.61%
R-
sq(adj):
0.00%
R-
sq(pred):
0.00%
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Figure 4.13: Residual plots for 3 layered printed with log transformed responses
4.3.1 Electrical properties of the printed tracks
As mentioned in Section 3.6, a central composite design was used to determine the
significant factors affecting the electrical properties of the ink. The data obtained
was statistically analyzed to make inferences and determine the optimal parameters
for curing the ink, without drying it in the oven.
Samples printed with 2 layers of ink
Table 5.1 presents the photonic curing data for two layer inkjet printed samples
on a polyimide substrate. To understand the effect control variables have on the
electrical properties of the printed tracks, response variables were plotted against the
treatment levels of the control variables, as shown in Figure 4.14. Table 4.5 provides
the ANOVA for the plots. Though the ANOVA predicted most of the factors being
non-significant, this section will help to visualize the trends in the data.
From Figure 4.14, it can be observed that resistance decreases with a steep slope
when voltage changes from 270 volts to 285 volts, and rises thereafter. The other
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Figure 4.14: Main effects plot of Ω/sq. vs. Voltage, Duration, Frequency and Pulse
Count of 2 layered printed samples
control variables, except for frequency have a gentle slope, suggesting they do not
have any significant effect on the response variable. There is a gradual decrease of
resistance as frequency drops from 15 µs to 30 µs, which gradually flattens out with
a slight upward rising trend.
With multiple control variables, the response variable can be affected by a com-
bination of control variables. These effects were analyzed using the interaction plot.
Interactions above second-order are very difficult to explain and seldom occur, thus
they were ignored. To draw inference about interaction from these plots, the inter-
section of the curves need to be examined. If there is no intersection, all the control
variables act independently on the response. In case they intersect, the response
variable will depend on the intersecting control variables.
Looking at Figure 4.15, it can be concluded that there is a strong interaction
between voltage and pulse count. At two pulse counts for a given voltage (other
factors remaining constant), the resistance is higher than the other two pulse counts.
It gradually decreases, and beyond ∼285 Volts, it drops below other pulse counts.
Thus for low resistances, it would be practical to use 3 pulse counts with voltage
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Figure 4.15: Interaction effects plot of Ω/sq. vs. Voltage, Duration, Frequency and
Count for 2 layered printed samples
starting from ∼ 285 Volts, as concluded from the interaction plot. Though other
interactions effects intersect, they are not significant.
Samples printed with 3 layers of ink
The voltage and duration of the photonic pulse(s) have very similar effects (see
Figure 4.16) in samples with 3 and 2 layers of ink; lower resistances at ∼285 Volts,
duration not having any significant effect on the resistance. The frequency however,
demonstrates opposite behavior. Lower resistance readings are seen at 15 Hz, and
higher resistance readings are seen at 45 Hz. The number of photonic pulses (Count)
exhibits a more pronounced curvature, with lowest resistance readings obtained at
4 pulse counts. The ANOVA for these plots is given in Table 4.7.
From Figure 4.17, it can be seen that a 1600 µs photonic pulse duration combined
with a voltage of 285 volts interact to result in lower resistance values. When
a frequency of 17.5 Hz is used, it generates lower resistances at voltages up to
about 290 Volts. After ∼290 volts, frequencies of 32.5 Hz and 25 Hz generate
lower resistance readings. Pulse duration and frequency have a similar interaction
effect, with 17.5 Hz generating lower Ω/sq. resistance values up to ∼1700 µs, after
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Figure 4.16: Main effects plot of Ω/sq. vs. Voltage, Duration, Frequency and Count
for 3 layered printed samples
which the frequency of 17.5 Hz gives higher Ω/sq. resistance. Another significant
interaction effect that can be observed from Figure 4.17 is of frequency and count.
At the frequency of ∼ 25 Hz, any pulse count generates similar Ω/sq. resistance
values, but at other frequencies, resistance changes significantly depending upon the
pulse count used.
Resistance of the tracks after curing
Samples with three layers of ink were seen to have consistently lower Ω/sq. resis-
tance values. This can be attributed to the fact that three layered samples have
more nanoparticles deposition, hence there are more bridges formed between the
nanoparticles after photonic curing. It causes less hindrance to the flow of electrons,
thus lowering the resistance of the track. Resistances as low as 0.5125 Ω/sq. were
achieved, which is excellent compared to the literature surveyed. The lowest resis-
tance recorded on samples with two layers was 0.79 Ω/sq. The highest resistance
obtained were 1.0575 Ω/sq. and 0.7025 Ω/sq. for the two and three layered samples
respectively.
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Figure 4.17: Interaction effects plot of Ω/sq. vs. Voltage, Duration, Frequency and
Count for 3 layered printed samples
4.3.2 Adhesion of the ink to the substrate
As discussed in Section 3.6, for samples that were dried in the oven, ink was ab-
lated off the substrate during photonic curing. The possible explanation for this
phenomenon can be provided by the coffee ring effect as explained by Deegan et
al. [10]. The rate of solvent loss in the ink is much slower in the oven compared
to evaporation using photonic pulses. Furthermore, loss at the fringes occurs at a
faster rate than at the center. As solvent loss from the fringes continues, solvent
from the center of the tracks flows to the edges, dragging along nanoparticles with
them. Thus nanoparticles concentrate at the edges and are sparse at the center of
the track. This is reinforced by the fact that after photonic curing, nanoparticles
can be seen only at the boundaries of the track. When high energy flashes are in-
cident on the oven dried samples, nanoparticles are ablated from the center of the
tracks owing to very low concentration, as seen in Figure 3.13(c). Loss of the solvent
using photonic pulses is about 200 times faster than oven drying, and discourages
the coffee ring effect.
An adhesion test was conducted on the samples following ASTM F2452 04
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Figure 4.18: (a) Peeling off 75 mm 25 mm pressure sensitive tape from the sample
(b) Sample and tape after adhesion test (c) Sample before adhesion test (d) Sample
after adhesion test
(Standard Practice for Determining the Adhesion of Print Media Utilizing Mechan-
ical Stress). A 75 mm × 25 mm piece of pressure sensitive 3M Scotch Magic Tape
was adhered to the cured samples, leaving 50 mm un-adhered. To remove air bub-
bles at the interface between the tape and the substrate, the tape was laid down
with the flat of the finger. Then holding the un-adhered 50 mm end, the tape was
peeled off with a single swift motion at 90 degrees to the substrate (see Figure 4.18).
As seen in Figure 4.18, the ink has appreciable adhesion to the substrate. Though
some part of the track does come off with the tape, which are mostly the loose
nanoparticles on the surface, it has no significant effect on the electrical resistance
of the tracks.
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Conclusion
This thesis examined the behavior of inkjet printed and photonically cured copper
nanoink on the substrates paper, PET and polyimide. The adhesion characteristics
and electrical resistance of copper nanoink were investigated, and new methods
to prepare them for optimum electrical conductivity were devised using statistical
models. Central composite designed experiments were conducted on paper and
polyimide to identify conditions for low resistance with a confidence of 95%.
Results demonstrate the effect of ink viscosity on the conductivity of printed
copper ink on paper, proving it to be a suitable substrate for printing when the ink
viscosity is high. Resistance of samples obtained on polyimide were satisfactory as
per the literature surveyed. But the statistical model for samples with three layers
of ink had a low R-square value, and was unable to identify factors that significantly
affect the response. Samples with two layers of ink, though, had a higher R-square
value and provided better prediction of the response and identification of signifi-
cant factors. Inkjet printed tracks on polyimide also exhibited good dimensional
accuracy and adhesion. PET was deemed to be an unsuitable substrate (untreated,
atmospheric plasma treated and a combination atmospheric plasma treatment and
hot fusion) for printing of Novacentrix copper paste and inkjet copper ink used in
this work.
Additionally, this work has determined printing parameters of Novacentrix inkjet
copper ink with the Dimatix DMP-2800 that will be useful for referencing in future
printing efforts of copper nanoink with similar viscosity and solid loading. Drop
spacing, voltage waveform applied to the piezoelectric printhead and printing orien-
tation for the Dimatix DMP-2800 printer have been investigated. Effects of addi-
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tional material deposition on the resistivity of cured copper inks on polyimide have
also been presented.
5.1 Recommendations for Future Work
While printing Novacentrix inkjet copper ink on paper, it was observed that the
ink seeps in to the fibers of the paper. The plausible reasons for this could be the
low solid loading fraction and low viscosity of the inkjet ink. To improve these
properties, a polymer coated paper that will be able to resist disintegration from
photonic pulses could be used. The coating will be also helpful in preventing seeping
of the low viscosity inkjet ink into the substrate.
We have used atmospheric plasma to treat our PET substrates. Plasma treat-
ment lowers the surface energy of the PET and improves adhesion of the uncured ink
to the substrate. However, the adhesion degrades when the samples are photonically
cured. A different plasma system could be investigated to identify the causal factors
for this behavior. Other surface treatments like surface coating and printing on a
heated substrate could also provide solutions to the problem of adhesion between
the ink and the substrate.
The experiments designed for polyimide could not identify the significant factors
affecting the resistance of the samples with sufficient confidence, upon photonic
curing. Observations suggest that the volume of ink deposited on the substrate
plays a significant role in determining the response and should be studied in future
experiments.
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Appendix
Table 5.1: Design Table and experimental data of spherical central composite design
on Wausau 110 lb paper
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
26 1 0 1 255 1000 3.5 3.5 0.501428571
16 2 1 1 270 1200 5 5 0.557142857
46 3 1 1 240 1200 5 5 0.254285714
5 4 1 1 240 800 5 2 1.077142857
32 5 1 1 240 800 2 2 1.144285714
61 6 0 1 255 1000 3.5 3.5 0.187142857
18 7 -1 1 270 1000 3.5 3.5 0.094285714
11 8 1 1 240 1200 2 5 0.207142857
7 9 1 1 240 1200 5 2 0.185714286
3 10 1 1 240 1200 2 2 0.21
35 11 1 1 270 1200 2 2 0.104285714
4 12 1 1 270 1200 2 2 0.202857143
47 13 1 1 270 1200 5 5 0.105714286
44 14 1 1 240 800 5 5 0.287142857
14 15 1 1 270 800 5 5 0.107142857
54 16 -1 1 255 1000 3.5 2 0.182857143
12 17 1 1 270 1200 2 5 0.052857143
53 18 -1 1 255 1000 5 3.5 0.155714286
10 19 1 1 270 800 2 5 0.127142857
22 20 -1 1 255 1000 5 3.5 0.174285714
13 21 1 1 240 800 5 5 0.437142857
60 22 0 1 255 1000 3.5 3.5 0.155714286
76
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
37 23 1 1 270 800 5 2 0.162857143
42 24 1 1 240 1200 2 5 0.214285714
62 25 0 1 255 1000 3.5 3.5 0.174285714
8 26 1 1 270 1200 5 2 0.074285714
1 27 1 1 240 800 2 2 0.918571429
27 28 0 1 255 1000 3.5 3.5 0.141428571
50 29 -1 1 255 800 3.5 3.5 0.262857143
57 30 0 1 255 1000 3.5 3.5 0.144285714
59 31 0 1 255 1000 3.5 3.5 0.161428571
41 32 1 1 270 800 2 5 0.144285714
21 33 -1 1 255 1000 2 3.5 0.255714286
34 34 1 1 240 1200 2 2 0.271428571
25 35 0 1 255 1000 3.5 3.5 0.182857143
15 36 1 1 240 1200 5 5 0.291428571
29 37 0 1 255 1000 3.5 3.5 0.181428571
43 38 1 1 270 1200 2 5 0.072857143
2 39 1 1 270 800 2 2 0.171428571
31 40 0 1 255 1000 3.5 3.5 0.152857143
20 41 -1 1 255 1200 3.5 3.5 0.122857143
33 42 1 1 270 800 2 2 0.154285714
45 43 1 1 270 800 5 5 0.14
24 44 -1 1 255 1000 3.5 5 0.135714286
23 45 -1 1 255 1000 3.5 2 0.104285714
58 46 0 1 255 1000 3.5 3.5 0.132857143
55 47 -1 1 255 1000 3.5 5 0.172857143
52 48 -1 1 255 1000 2 3.5 0.2
6 49 1 1 270 800 5 2 0.248571429
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Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
28 50 0 1 255 1000 3.5 3.5 0.121428571
49 51 -1 1 270 1000 3.5 3.5 0.082857143
36 52 1 1 240 800 5 2 0.985714286
48 53 -1 1 240 1000 3.5 3.5 0.497142857
9 54 1 1 240 800 2 5 0.49
30 55 0 1 255 1000 3.5 3.5 0.162857143
17 56 -1 1 240 1000 3.5 3.5 0.195714286
51 57 -1 1 255 1200 3.5 3.5 0.094285714
38 58 1 1 240 1200 5 2 0.285714286
40 59 1 1 240 800 2 5 0.531428571
56 60 0 1 255 1000 3.5 3.5 0.175714286
19 61 -1 1 255 800 3.5 3.5 0.265714286
39 62 1 1 270 1200 5 2 0.068571429
Table 5.2: Design Table and experimental data for 2 layered samples on polyimide
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
1 1 1 1 270 1700 25 4 1.32
2 2 1 1 285 1700 25 6 1
3 3 1 1 292.5 1800 32.5 3 1.275
4 4 1 1 292.5 1800 17.5 3 1.2625
5 5 1 1 300 1700 25 4 1.655
6 6 1 1 277.5 1800 32.5 3 0.79
7 7 1 1 292.5 1800 17.5 5 1.4925
8 8 1 1 285 1700 40 4 0.995
9 9 1 1 300 1700 25 4 1.575
78
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
10 10 1 1 285 1700 25 4 0.9875
11 11 1 1 292.5 1600 17.5 5 1.4
12 12 1 1 285 1700 25 4 0.9125
13 13 1 1 277.5 1800 32.5 5 0.775
14 14 1 1 277.5 1800 17.5 3 1.745
15 15 1 1 285 1700 25 4 0.7675
16 16 1 1 277.5 1800 17.5 5 0.83
17 17 1 1 277.5 1800 32.5 5 0.94
18 18 1 1 285 1700 25 4 0.9875
19 19 1 1 292.5 1600 32.5 5 0.95
20 20 1 1 277.5 1800 17.5 5 0.855
21 21 1 1 285 1700 40 4 0.825
22 22 1 1 292.5 1600 17.5 3 0.9625
23 23 1 1 277.5 1800 17.5 3 0.9225
24 24 1 1 285 1700 25 4 0.8375
25 25 1 1 285 1500 25 4 0.83
26 26 1 1 277.5 1600 17.5 5 1.17
27 27 1 1 292.5 1600 17.5 5 1.05
28 28 1 1 300 1700 25 4 1.2925
29 29 1 1 285 1700 25 2 0.9175
30 30 1 1 292.5 1800 17.5 5 1.1475
31 31 1 1 277.5 1600 17.5 5 0.8475
32 32 1 1 292.5 1600 17.5 5 0.89
33 33 1 1 277.5 1600 17.5 3 0.945
34 34 1 1 285 1700 25 6 1.29
35 35 1 1 285 1700 40 4 1
36 36 1 1 277.5 1600 32.5 3 1.44
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Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
37 37 1 1 277.5 1800 17.5 5 1.06
38 38 1 1 292.5 1600 32.5 5 0.7825
39 39 1 1 292.5 1600 32.5 3 0.99
40 40 1 1 292.5 1800 32.5 3 0.8125
41 41 1 1 292.5 1600 32.5 3 0.96
42 42 1 1 277.5 1600 17.5 3 0.9675
43 43 1 1 270 1700 25 4 1.72
44 44 1 1 277.5 1800 17.5 3 0.955
45 45 1 1 292.5 1600 32.5 5 1.235
46 46 1 1 285 1700 10 4 1.3375
47 47 1 1 292.5 1800 32.5 5 1.795
48 48 1 1 292.5 1600 17.5 3 1.1975
49 49 1 1 277.5 1600 32.5 5 0.715
50 50 1 1 285 1700 25 4 0.91
51 51 1 1 285 1700 25 4 0.7525
52 52 1 1 292.5 1800 17.5 3 1.215
53 53 1 1 277.5 1600 32.5 5 0.65
54 54 1 1 292.5 1800 32.5 5 0.7875
55 55 1 1 285 1700 25 2 0.65
56 56 1 1 277.5 1600 32.5 5 0.63
57 57 1 1 292.5 1800 32.5 5 0.655
58 58 1 1 292.5 1800 17.5 5 0.8775
59 59 1 1 277.5 1800 32.5 3 0.6875
60 60 1 1 285 1700 25 4 0.7125
61 61 1 1 292.5 1800 17.5 3 0.8425
62 62 1 1 285 1700 25 2 0.6375
63 63 1 1 285 1700 10 4 0.745
80
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
64 64 1 1 270 1700 25 4 0.885
65 65 1 1 285 1700 10 4 0.85
66 66 1 1 285 1900 25 4 0.7525
67 67 1 1 285 1700 25 4 0.705
68 68 1 1 285 1500 25 4 0.6775
69 69 1 1 277.5 1600 32.5 3 1.04
70 70 1 1 277.5 1800 32.5 3 1.05
71 71 1 1 292.5 1600 17.5 3 0.76
72 72 1 1 277.5 1600 32.5 3 1.03
73 73 1 1 285 1500 25 4 0.9225
74 74 1 1 285 1700 25 4 0.815
75 75 1 1 285 1700 25 4 0.785
76 76 1 1 292.5 1800 32.5 3 0.76
77 77 1 1 292.5 1600 32.5 3 0.73
78 78 1 1 285 1900 25 4 0.8325
79 79 1 1 277.5 1600 17.5 3 0.8975
80 80 1 1 285 1900 25 4 1.0575
81 81 1 1 285 1700 25 4 1.005
82 82 1 1 277.5 1600 17.5 5 1.1175
83 83 1 1 277.5 1800 32.5 5 1.1525
84 84 1 1 285 1700 25 6 0.965
Table 5.3: Design Table and experimental data for 3 layered samples on polyimide
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
17 1 -1 1 270 1700 25 4 0.755
81
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
80 2 -1 1 285 1700 25 6 1.06
64 3 1 1 292.5 1800 32.5 3 1.1125
4 4 1 1 292.5 1800 17.5 3 1.045
46 5 -1 1 300 1700 25 4 0.955
7 6 1 1 277.5 1800 32.5 3 0.5125
12 7 1 1 292.5 1800 17.5 5 0.9625
22 8 -1 1 285 1700 40 4 0.72
74 9 -1 1 300 1700 25 4 0.815
83 10 0 1 285 1700 25 4 0.705
10 11 1 1 292.5 1600 17.5 5 0.885
28 12 0 1 285 1700 25 4 0.7125
71 13 1 1 277.5 1800 32.5 5 0.91
31 14 1 1 277.5 1800 17.5 3 1.295
26 15 0 1 285 1700 25 4 0.7525
39 16 1 1 277.5 1800 17.5 5 0.83
43 17 1 1 277.5 1800 32.5 5 0.8525
56 18 0 1 285 1700 25 4 0.7125
14 19 1 1 292.5 1600 32.5 5 0.675
67 20 1 1 277.5 1800 17.5 5 0.8425
78 21 -1 1 285 1700 40 4 0.7625
2 22 1 1 292.5 1600 17.5 3 0.5875
59 23 1 1 277.5 1800 17.5 3 0.69
27 24 0 1 285 1700 25 4 0.5675
75 25 -1 1 285 1500 25 4 0.675
9 26 1 1 277.5 1600 17.5 5 0.6875
38 27 1 1 292.5 1600 17.5 5 0.615
18 28 -1 1 300 1700 25 4 0.7325
82
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
79 29 -1 1 285 1700 25 2 0.71
40 30 1 1 292.5 1800 17.5 5 0.58
37 31 1 1 277.5 1600 17.5 5 0.565
66 32 1 1 292.5 1600 17.5 5 0.79
1 33 1 1 277.5 1600 17.5 3 0.695
52 34 -1 1 285 1700 25 6 0.7875
50 35 -1 1 285 1700 40 4 0.6125
5 36 1 1 277.5 1600 32.5 3 0.9225
11 37 1 1 277.5 1800 17.5 5 0.71
42 38 1 1 292.5 1600 32.5 5 0.8125
62 39 1 1 292.5 1600 32.5 3 0.805
8 40 1 1 292.5 1800 32.5 3 0.785
34 41 1 1 292.5 1600 32.5 3 0.5875
29 42 1 1 277.5 1600 17.5 3 0.625
73 43 -1 1 270 1700 25 4 0.8725
3 44 1 1 277.5 1800 17.5 3 0.8025
70 45 1 1 292.5 1600 32.5 5 0.9575
77 46 -1 1 285 1700 10 4 0.765
44 47 1 1 292.5 1800 32.5 5 0.9275
58 48 1 1 292.5 1600 17.5 3 1.1575
69 49 1 1 277.5 1600 32.5 5 1.14
53 50 0 1 285 1700 25 4 0.915
25 51 0 1 285 1700 25 4 1.0525
32 52 1 1 292.5 1800 17.5 3 0.675
41 53 1 1 277.5 1600 32.5 5 0.945
72 54 1 1 292.5 1800 32.5 5 0.71
51 55 -1 1 285 1700 25 2 0.71
83
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
13 56 1 1 277.5 1600 32.5 5 0.7325
16 57 1 1 292.5 1800 32.5 5 0.625
68 58 1 1 292.5 1800 17.5 5 0.6175
63 59 1 1 277.5 1800 32.5 3 0.805
82 60 0 1 285 1700 25 4 0.6675
60 61 1 1 292.5 1800 17.5 3 0.655
23 62 -1 1 285 1700 25 2 0.675
21 63 -1 1 285 1700 10 4 0.705
45 64 -1 1 270 1700 25 4 1.005
49 65 -1 1 285 1700 10 4 0.715
48 66 -1 1 285 1900 25 4 0.86
81 67 0 1 285 1700 25 4 0.99
19 68 -1 1 285 1500 25 4 0.915
33 69 1 1 277.5 1600 32.5 3 1.16
35 70 1 1 277.5 1800 32.5 3 1.035
30 71 1 1 292.5 1600 17.5 3 0.9725
61 72 1 1 277.5 1600 32.5 3 0.875
47 73 -1 1 285 1500 25 4 0.595
55 74 0 1 285 1700 25 4 0.5925
54 75 0 1 285 1700 25 4 0.695
36 76 1 1 292.5 1800 32.5 3 0.6425
6 77 1 1 292.5 1600 32.5 3 0.7375
20 78 -1 1 285 1900 25 4 0.8175
57 79 1 1 277.5 1600 17.5 3 0.7475
76 80 -1 1 285 1900 25 4 0.7025
84 81 0 1 285 1700 25 4 0.725
65 82 1 1 277.5 1600 17.5 5 0.6825
84
Std
Order
Run
Order
Point
Type
Blocks Voltage
(Volts)
Dur.
(µs)
Freq.
(Hz)
Pulse
Count
Ω/sq.
15 83 1 1 277.5 1800 32.5 5 0.8075
24 84 -1 1 285 1700 25 6 0.81
85
